Background. Although chronic volume overload is thought to induce uniform cardiac enlargement, the stimulus for tissue growth has not been defined. Changes in diastolic and systolic stress or strain have been proposed as mechanical factors that may stimulate hypertrophy. Since there are thought to be transmural variations in these stresses and strains, three-dimensional patterns of myocardial tissue growth may provide insight into the role of these factors.
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Background. Although chronic volume overload is thought to induce uniform cardiac enlargement, the stimulus for tissue growth has not been defined. Changes in diastolic and systolic stress or strain have been proposed as mechanical factors that may stimulate hypertrophy. Since there are thought to be transmural variations in these stresses and strains, three-dimensional patterns of myocardial tissue growth may provide insight into the role of these factors.
Methods and Results. To assess the transmural variation in tissue growth after volume overload, the configurations of three columns of four to six gold beads (1-mm diameter) implanted in the left ventricular anterior free wall were recorded in five dogs before and after cardiac enlargement induced by creating a systemic arteriovenous fistula. Data were obtained with end-diastolic pressures adjusted to the same level in the control and hypertrophic states. End-diastolic wall thickness remained constant, whereas left ventricular diameter increased. Small increases in transmural systolic strain were seen. The volumes defined by four beads (a tetrahedron) at end diastole showed increases in myocardial mass of 20-27% after 3.6 (mean) weeks of hypertrophy and were uniform across the wall of the left ventricle. The edges of single bilinear-quadratic finite elements were fitted to the three columns of the bead set at end diastole in control and at end diastole after hypertrophy at equal end-diastolic pressures. Thus, continuous transmural strain distribution were obtained at the hypertrophic state with respect to the control state. The transmural distributions of these end-diastolic growth strains were uniform and positive for both the circumferential and longitudinal components measured in a cardiac coordinate system, with small radial growth strain indicating that growth was predominantly parallel to the epicardial tangent plane. Moreover, when strains were transformed (rotated) to fiber coordinates, in-plane fiber and cross-fiber growth strains were both positive at all locations across the wall and approximately equal in magnitude, indicating considerable growth in the cross-fiber direction.
Conclusions. These results indicate that the stimulus for volume-overload hypertrophy may be constant across the wall and that substantial cross-fiber growth occurs during volume-overload hypertrophy. (Circulation 1991;84:1235-1245) Cardiac hypertrophy is an adaptation that occurs when the heart is subjected to an increased work load. Despite the close association between changes in work load and increases or decreases in cardiac mass, defining the exact nature of the stimulus for hypertrophy remains an illusive problem. In hypertrophy induced by pressure overload, changes in wall stress as well as increases in coronary perfusion pressure have been implicated.1 '2 There is also evidence that hormonal systems are directly involved in regulating the hypertrophic response. [3] [4] [5] The growth of the volume-overloaded heart differs substantially from that of the pressureoverloaded heart.6 In volume overload, myocytes increase primarily in length,7 a finding compatible with the increase in cavity volume in a normally proportioned heart.8 In hypertrophy caused by increases in volume work (increased cardiac output), it is more difficult to implicate changes in perfusion pressure or levels of wall stress as the mechanical stimulus. In some models of volume-overload hypertrophy such as anemia,9 arteriovenous shunt,10 or chronic aortic regurgitation,1' the large increases in ventricular cavity volume are balanced by an increase in wall thickness (as one might expect, if myocardial stress were the factor stimulating tissue growth), whereas several recent studies with models of acute mitral valve regurgitation have shown decreases or no increase in wall thickness.1213 In long-standing valvular regurgitation in humans, most estimates of wall stress indicate that both diastolic and systolic stress may remain elevated despite relatively normal radius-to-wall thickness ratios.14" 5Abruptly increasing diastolic volume in the normal heart produces larger strain near the endocardium than near the epicardium. Most16-18 but not all19 ventricular models used to calculate wall stress as the passive heart is inflated predict that in-plane stress near the endocardium is higher than that near the epicardium. In the present study, we reasoned that if passive stress or strain were the stimulus to hypertrophy, the distribution of three-dimensional tissue growth may be similar to the distribution of the passive stress or strain. We also examined the transmural patterns of systolic strains to determine their relation to the patterns of tissue growth.
In this study, volume-overload hypertrophy was induced with an aorto-caval fistula in dogs. We used the method of Waldman et a120 for implanting three columns of radiopaque beads across the left ventricular free wall. During hypertrophy, the volume of a region of myocardium defined by material markers (in this study, four noncoplanar beads) would be expected to increase after hypertrophy. Increases in myocardial mass of about 24% were found with this method after 3.6 (mean) weeks of hypertrophic growth. To avoid the assumption of local homogeneity inherent in the above approach, the bead coordinates were analyzed by a new nonhomogeneous method21 in which finite elements were fitted by least-squares regression to the bead coordinates and displacements. By using this nonhomogeneous method, continuous transmural growth strain distributions at end diastole were computed at the hypertrophic state referred to control. It was found that myocardial growth was uniform across the left ventricular wall thickness and occurred primarily in the epicardial tangent plane with approximately equal growth in the fiber and cross-fiber directions.
Methods

Experimental Design
Eight mongrel dogs (weight, 20-29 kg) were used in this study, including one sham preparation. One dog died from pulmonary edema soon after the fistula surgery and another dog showed evidence of severe pulmonary edema, considerable ascites, and arrhythmias and hence was excluded from the study. Each animal was instrumented with radiopaque beads under sterile conditions and, after 7-10 days of recovery, a control study was done. Volume-overload hypertrophy was then induced by an arteriovenous shunt, and studies were performed at 2-week intervals thereafter.
During the first surgery, the dogs were anesthetized with sodium thiamylal (15-20 mg/kg) and maintained on halothane (0.2-0.5%). Under sterile conditions, the heart was exposed through a left thoracotomy of the fifth intercostal space. Three columns of solid gold beads (1 mm in diameter) were implanted in the anterior free wall of the left ventricle using the method described by Waldman et al. 20 Each column consisted of three to five transmural beads and a 2-mm gold surface bead sutured to the epicardium directly above the column. Three of the five dogs used for data analysis also had one endocardial-epicardial bead pair implanted in the posterior wall as a separate measure of wall thickness. Reference beads were sutured to the epicardium at the apical dimple (apex) and at the bifurcation of the left main coronary artery (base). A 1-cm tantalum calibration bar was attached near the bead set. To reduce scar formation, the beads were dipped in the anti-inflammatory steroid Kenalog-10 (triamcinolone acetonide suspension) before implantation, and approximately 0.1-0.2 ml Kenalog was injected in the subepicardium near each column surface bead and near the calibration bar. The cut edges of the pericardium were reapproximated with silk suture to within 1 or 2 cm of each other. This ensured that the surface beads and calibration bar were covered by the pericardium. The chest was closed. Daily antibiotics (penicillin G, 900,000 units) were given for one week postoperatively. After a 7-10 day recovery period, control studies were carried out for each animal. Under general anesthesia (15-20 mg/kg thiamylal followed by 0.2-0.5% halothane) and artificial positive-pressure ventilation, a fluid-filled Millar catheter tip micromanometer was positioned in the left ventricle via a femoral artery using sterile technique. The highfidelity pressure tracing was calibrated with the fluidfilled portion of the catheter connected to a Statham P23Db transducer with zero pressure at the level of the heart. The animal was positioned so that all beads were separately visible in both anterior/posterior and lateral views of the biplane x-ray system. Atropine sulfate (0.3-0.6 mg i.v.) was administered to increase the heart rate to values expected after hypertrophy. Cineradiographic data were obtained for at least one full respiratory cycle, and data used in the analysis were taken near end expiration. During the data acquisition periods, simultaneous chart recordings at 200 mm/sec were obtained consisting of ECG, left ventricular (LV) pressure, LV dP/dt, and biplane cine shutter correlation marks. Separate runs were taken with end-diastolic pressure (EDP) varied between 5 and 20 mm Hg by volume infusion with dextran or bleeding.
After the control study, a large arteriovenous fistula (AVF) was created during another sterile surgery. Through an abdominal incision, the aorta and inferior vena cava were exposed below the renal arteries, and a 1.0-1.2-cm side-to-side anastomosis was constructed. 22 The abdomen was closed and intravenous fluids and antibiotics were administered as needed. Patency of the fistula was evidenced by an audible murmur throughout the study.
At 2-week intervals after production of the shunt, procedures were performed similar to the control study. Dogs were followed 2-9 weeks after construction of the shunt (average, 4.6 weeks). By 4 weeks of volume overload, the heart rate had increased and resting EDP was usually elevated to at least 20 mm Hg. For each animal, EDP was adjusted by bleeding to match the value obtained in the control study with the blood being returned after each of the survival studies. After the terminal study, the dogs were killed with sodium pentobarbital anesthesia, the hearts were weighed, and tissue blocks that included the bead implantation site were saved for histological examination. Left ventricular wall thickness was measured in the vicinity of the bead set. Of the eight animals used in the present study, data are presented from five dogs with volume-overload hypertrophy and one sham dog. The sham dog underwent a bead implantation protocol similar to that used in the control study, but no fistula was created and the dog was studied 2 and 4 weeks later.
Data Analysis
The lateral and anterior/posterior cineradiographic views of the end-diastolic and end-systolic frames were projected onto a digitizing pad from which two-dimensional bead coordinates were obtained. The calibration bar implanted near the bead site was used to correct for the magnification differences of the two views. Errors in identifying the bead positions on the digitizing pad (0.2-0.3 mm) outweigh other possible coordinate errors such as pincushion distortion and the cone effect20; hence, corrections were not made for these distortions. End diastole was taken as the time of the peak QRS wave of the ECG; end systole was taken to be 40 msec before peak negative dP/dt. In several animals, an aortic pressure recording was taken at the end of the study. The pressure at the nadir of the dicrotic notch was used to estimate end-systolic pressure. This value was used to check the correspondence between end systole determined by dP/dt and by aortic pressure. The two were usually within 10 msec of each other. Each selected film frame was digitized twice, and the three-dimensional coordinates were averaged. The end-diastolic three-dimensional coordinates were found from the average of the end-diastolic frame and the frame immediately preceding it. End-systolic coordinates were found in a similar fashion, with the bead positions taken from the average of three frames centered at end systole. The reconstructed x-ray coordinates of the beads were transformed to a Epicardium Endocardium FIGURE 1. Schematic drawing of local cardiac coordinate system and location ofimplanted markers usedfor myocardial volume and strain calculations. The three orthogonal cardiac coordinate axes are L, longitudinal; C, circumferential; R, radiaL right-handed Cartesian cardiac coordinate system defined by the apex and base reference beads and the three surface beads23 as shown in Figure 1 . The cardiac coordinate system consists of three mutually orthogonal coordinate directions (circumferential, longitudinal, and radial) at the center of the triangle formed by the epicardial surface beads from each of the three columns.
To determine myocardial wall volumes, the coordinate data of four noncoplanar markers were used to find tetrahedral volumes (one third of the triangular base area times the height) as shown in Figure 2A .
Typical tetrahedral volumes were on the order of 25-50 mm3. Tetrahedra were chosen so that their radial height was 2.5-4.0 mm, and upper and lower limits (75 and 25 mm3) were placed on control tetrahe-
Tetrahedra
Finite element fit FIGURE 2. Schematic representation of three columns of implanted beads showing typical tetrahedra used for volume calculations at the inner, middle, and outer thirds of the wall, and finite element fitted to the same bead coordinates. A finite element is fitted at end diastole in control and at end diastole during hypertrophy. Growth strain at matched end-diastolic pressure is then found as the element deforms from control to hypertrophy. dral volumes, thus eliminating flat or thin tetrahedra. With these selection criteria, typically 30-100 tetrahedra were found from each bead set. This approach assumes homogeneous volume growth within each tetrahedra. The large number of tetrahedra of varying size and orientation tends to reduce noise caused by digitizing errors. Although it is possible to calculate homogeneous finite strains within each tetrahedron,20 to reduce errors due to the homogeneity assumption we used a new finite element method24 for determining continuous, nonhomogeneous strain variations across the left ventricular wall.21 In this new approach, the three-dimensional coordinates of each of the columns of beads is fitted by least-squares regression to the edge of a three-dimensional finite element with a bilinear variation in the plane of the wall and a quadratic polynomial basis function in the transmural direction. The single bilinear-quadratic Lagrange finite element incorporated coordinate data from the entire bead set ( Figure 2B ). Once the finite element was fitted to the end-diastolic bead configuration in the control state, the end-diastolic bead coordinates in the hypertrophic state were projected onto the same local coordinates of the finite element in the control configuration. This step is necessary for calculation of strain, since deformations are referred to a material coordinate system that deforms with the body. The deformed element was found by minimizing the squared lengths of these projections. Thus, continuous distributions of Lagrangian growth strain were computed when the element deformed from the end-diastolic control configuration to the end-diastolic hypertrophy configuration. The mean results for transmural distributions of strain are presented at seven discrete locations (Gauss points) spanning the entire transmural bead set. Calculations were also made for apex-to-base length to determine overall heart size and anterior and posterior wall thicknesses from epicardial and endocardial bead positions. Finally, mean transmural distributions of systolic strain for both the normal and hypertrophic states are presented. In this case, each end systole used its own end diastole as the reference configuration. Although completely distinct from end-diastolic growth strain, the systolic results have been included because mechanical factors such as systolic and diastolic strain gradients may be involved with the stimulus to hypertrophy.
Results
Hemodynamic and Geometric Data
Hemodynamic and geometric data are summarized in Table 1 . Because we were interested primarily in the degree of transmural growth and because the extent and probable rate of hypertrophy depends on the size of the shunt, we attempted to compare animals after similar amounts of overall cardiac enlargement. Thus, the five dogs were monitored for increases in overall heart size (reflected by an increase of the apex-to-base length) at each 2-week period, and the final study was performed 4 weeks after creation of the shunt. Dog 6 was studied only 2 weeks after the shunt was constructed but did have similar gains in heart weight-to-body weight ratio and apex-to-base length. One dog (No. 7) did not develop detectable hypertrophy until 7 weeks after production of the shunt (evaluated by apex-to-base length and radius calculations), and the final study was done 9 weeks after creation of the arteriovenous fistula. All animals had detectable increases in apexto-base length at the time of the final study. The aorto-caval shunt consistently produced significant increases in resting EDP (3.8+ 1.8 to 21.2+8.2 mm Hg, p<0.01, mean+1SD) without significant changes in EDP (135±2 to 111+14 mm Hg, NS). After administration of atropine in the control studies, the average heart rates were not significantly different (average of 124+23 control, 110+18 beats/min hypertrophy at matching EDP, NS). Left ventricular-to-body weight ratios increased an average of 22%, using a control value of 4.58±0.65 (n=38) for normal dogs from our laboratory. Figure 3 shows changes in apex-to-base length and wall thickness for each animal. Wall thickness was taken as the average distance between the three epicardial and three endocardial beads. As typically seen in this volume overload model, the ventricular apex-to-base distance increased significantly (85.2± 8.3 to 94.1±11.5 mm, p=0.01), whereas the wall thickness did not change significantly (9.1±1.1 to Graphs showing changes in apex-to-base length and wall thickness (three epicardial beads to three endocardial beads) in five dogs at control, 2 weeks, and 3.6 weeks after the onset of hypertrophy. Dog 6 was studied only 2 weeks after construction of the shunt. 9.4+1.1 mm, NS). In the three dogs with a posterior wall endocardial-epicardial bead pair, the posterior wall thickness also did not change significantly after volume-overload hypertrophy (10.3±1.4 to 10.6+2.0 mm, NS). These measurements, as well as all of the volumes and strains presented in this study, were taken at the low (3-6 mm Hg) EDPs. Growth strain and tetrahedral volumes were computed at equal left ventricular EDPs (control and hypertrophy values of each animal were matched within 2 mm Hg) so that the measured deformations would not be significantly influenced by variations in diastolic inflation pressures.
Tetrahedral Volumes
Tetrahedral volumes were calculated at end diastole during control for each animal, and then the volumes were determined for the same set of tetrahedra after hypertrophic growth had occurred. Tetrahedral volumes were calculated at matching levels of EDP; that is, the EDP during the hypertrophy study was adjusted to match the level measured during the control study. At an average of 3.6 weeks of hypertrophy, all animals showed increases in tetrahedral volumes at all locations across the wall. Relative changes in volume were calculated as the difference between absolute volume at hypertrophy and control divided by the control volume. These percent volume changes were averaged in each of the three transmural regions in each animal. The combined results from five animals at 3.6 weeks (mean) after the onset of hypertrophic growth are shown in Figure 5 . Although epicardial volumes increased more on average, there were no statistical differences between any of the regions. The volume changes across the wall were fitted by linear regression and the slopes did not differ significantly from zero, also indicating that there were no transmural gradients of volume change. The overall average increase in myocardial mass given by the tetrahedral volumes was 24%. This was similar to the overall average weight gain of the left ventricles, which was estimated to be 22%.
Results from the sham dog showed no significant . Bargraph shows combined results (mean-+SD) from five dogs at 3.6 weeks after the onset of hypertrophy with increases in tetrahedral volumes at each of three locations across the wall. These volumes were found at matching end-diastolic pressures. There was no significant gradient of volume change across the wall and the overall average increases of tetrahedral volumes (24%) were similar to the estimated increase in heart weight of22%. Endo, endocardial; Mid, midwall; Epi, epicardiaL volume changes across the wall of the ventricle at either 2 or 4 weeks after the sham fistula. Volume changes from the sham at epicardial, midwall, and endocardial thirds were -2.1%, 3.2%, and 2.0% at 2 weeks, and -3.1%, 1.4%, and 0.3% at 4 weeks.
End-Diastolic Growth Strain
Tetrahedral volumes give an indication of absolute growth across the wall, but a more detailed picture is presented by determining the spatial variation of the growth strain tensor, in this case with the finite element fitting technique. Using the methods of continuum mechanics for calculating the strain tensor, the normal and shear strain components in the cardiac reference coordinate system were determined. Once the average strain tensor was found at the various transmural locations, the in-plane fiber and cross-fiber strains were determined with an orthogonal transformation to the respective coordinate system. Growth strains were calculated in five animals 3.6 (mean) weeks after the onset of cardiac enlargement. The EDPs in the control and hypertrophy studies were similar, with a mean of 4.6+2.3 mm Hg for control and 5.6±2.5 mm Hg for hypertrophy. The nonhomogeneous finite element technique gave the six independent components of the strain tensor as continuous functions of depth from the epicardium in cardiac coordinates: E1l, E22, and E33 are the circumferential, longitudinal, and radial normal components, respectively, and E12, E13, and E23 are the shear components in the circumferentiallongitudinal, circumferential-radial, and longitudi-nal-radial planes, respectively. In each animal, enddiastolic growth strain was referred to end diastole of control as the undeformed configuration. The accuracy of the finite element fit to the three-dimensional bead coordinates is given by the root mean-square errors (RMSE) between the measured bead coordinates and the interpolated coordinates of the finite element. The end-diastolic RMSEs for the five dogs ranged from 0.10 to 0.43 mm in the reference state and from 0.16 to 0.47 mm in the deformed state. The six components of growth strain in cardiac coordinates are presented in Figure 6 for two of the animals (panels A and B). These two animals represent the extremes of the strain variations from the five animals. Although E1l and E22 were always positive, there was variation in the transmural pattern of strain from animal to animal. This variation is well characterized when one compares dog 7 and dog 10 in Figures 6A and 6B . The transmural distribution in thickening growth (radial strain component) also varied, but most animals showed patterns closer to dog 7 ( Figure 6A ) with only small changes and no transmural gradient. Shear strains were usually small, and the large variation shown in E23 in dog 7 was unusual.
The mean growth strains are presented in Figure 7 . The strain plots were produced by averaging the strain components at each of seven transmural locations corresponding to Gauss points in the finite element. The most endocardial Gauss point ranged from 62% to 86% of the total wall thickness for the five dogs, averaging 72%. The most epicardial Gauss point was taken as 0% of total wall thickness for each dog. Thus, the strain components are plotted versus mean percent depth for all five dogs. The standard deviations ranged from 0.03 to 0.11 for the normal strain components and from 0.01 to 0.10 for the shear components. The average results show positive inplane strain for both E1l and EB2, with very small gradients across the wall. This positive in-plane strain is similar in magnitude for both E22 and E1l. Wall thickening strain (E33) was small and relatively constant across the wall. Average shear strains were relatively small and also uniform across the wall.
To determine the relative magnitudes of the strain components with respect to known fiber architecture, the average strain tensor at each of the seven transmural locations was rotated by the orthogonal trans-formation25 3 3 E'kl= > I kif 1j Eij i=l j=l (1) where Ij3j==e'i.ej are the direction cosines between the cardiac coordinate axes and fiber/cross-fiber axes. e'i and ej are the unit vectors along the fiber and cardiac coordinate axes, respectively. EB1 is the strain in cardiac coordinates, E'i is the strain in fiber/crossfiber coordinates, and ljj is the orthogonal transformation matrix. In 10 Epicardium mm Depth FIGURE 6. Graphs show transmural three-dimensional continuous strain distributions determined with the finite element fitting technique. Transmural distributions ofgrowth strain components in two dogs (one each in panels A and B) are shown above, each at 4 weeks after the onset of hypertrophy. For each dog, the six independent strain components are given: circumferential (Ell), longitudinal (E22), and radial (E33) normal components; in-plane shear (E12), and transverse shears (E13 and E23). These two animals represent the extremes of the transmural strain variations. through a given fiber angle. Fiber angles were obtained from measurements taken in our laboratory from seven normal dogs. Fiber angle was assumed to vary linearly across the wall, ranging from -35°at the epicardium to 600 at 72% wall thickness. Figure 8 shows the three in-plane components of the transformed strain tensor EFF (fiber), ECC (cross-fiber), and EFc (fiber/cross-fiber shear). In this case the in-plane shear was very small at all locations across the wall, indicating that principal in-plane growth was associated with the fiber and cross-fiber directions. At most transmural locations the fiber and cross-fiber strains were similar in magnitude; toward the epicardium the cross-fiber strain tended to be greater in magnitude than the fiber component.
Transmural End-Systolic Finite Strain
The finite element fitting method was also used to determine the distributions of mean end-systolic strain for both the normal and hypertrophied states in the closed-chest animal. Each end systole uses its own end diastole as reference. Figure 9 shows each strain component as a function of depth, both at control and at 3.6 weeks of hypertrophy. The negative circumferential and longitudinal components increase in magnitude with increasing depth, and E33 is positive corresponding to wall thickening, with greatest magnitudes seen at the endocardium. In general, all three shear strains were positive, especially near the endocardium, where the magnitudes increased. After volume-overload hypertrophy, the trends in the transmural variations remained the same for each animal, with small increases in magnitudes for most of the strain components. Small increases in systolic strain might be expected because of the known enhancement of systolic function associated with the AVF model of hypertrophy.
Discussion
The pattern of myocardial growth is thought to be specific to the type of load imposed on the heart. 2 The global geometric changes associated with volume-overload hypertrophy include increases in diastolic volume, a more globular heart, and a constant ratio of internal radius-to-wall thickness. On a cellular level, this is thought to result from series tions ofsix strain components (circumferential, Ell; longitudinal, E22; radial, E33; in-plane shear, E12; transverse shears, E13 and E23) for five dogs 3.6 weeks after the start of hypertrophic growth. Although two of the individual dogs showed significant shear strains at the endocardium and epicardium, the average shears are relatively constant across the wall as are the normal in-plane positive strains (E1l, E22).
These positive nornal strain components imply that in-plane growth is uniform across the wall.
replication of sarcomeres, fiber elongation, and hence, chamber enlargement.8'15,26 This growth pattern is similar to that seen in normal myocardial postnatal growth2,6 in which the wall thickness-toventricular radius ratio remains constant. It is also known that fiber orientation does not change significantly in this volume overload model,27 implying uniform growth with respect to the fibers. Studies of isolated myocytes have shown significant increases in cell length, with trends toward increasing crosssectional area in rats with arteriovenous shunts.7 Variations in growth of cellular components should account for the gross morphological changes seen at the tissue level in experimental models of hypertrophy.28 It was the intent of the present study to examine the global morphometric changes by quantifying the diastolic tissue growth strain. Our results show local myocardial growth to be not only uniform transmurally across the wall but relatively uniform in with respect to fiber coordinates: EFF, fiber strain; Ecc, cross-fiber strain; EFc, fiber/cross-fiber shear strain. In this coordinate system, EFC shear is very small. Positive values for EFF and Ecc indicate lengthening in both the fiber and cross-fiber directions, and in-plane cross-fiber strain is at least as large as fiber strain.
both the fiber and cross-fiber directions across the wall. Extending our results to fiber and cross-fiber elongation, series replication of sarcomeres and axial fiber lengthening cannot account for the measured growth strain because substantial tissue growth was evident in the cross-fiber direction. This is true at all levels across the wall, even though fiber angle is continuously changing from epicardium to endocardium. The data of Gerdes et a17 show that the increase in cell length exceeds the increase in cell diameter in volume overload, and our study shows approximately equal fiber and cross-fiber growth, implying that there must be changes in cell shape or spacing, rearrangement of cells, or changes in the interstitium to account for the cross-fiber strains. Moreover, since fiber direction varies continuously across the wall, the transmural ratio between fiber and cross-fiber strain implies careful transmural regulation of changes in cell diameter and other factors. When one considers systolic function at the operating level of EDP before and after volume-overload hypertrophy, there are probably substantial increases in end-diastolic stress and strain. As the passive ventricle inflates, endocardial strains tend to be greater than those near the epicardium. 29 The transmural gradients of stress components may be different than those of strain. If end-diastolic wall stress is a stimulus for volume-overload hypertrophy, then uniform growth across the left ventricular wall may indicate that the transmural variation of end-diastolic stress is uniform. Values for stress in the passive ventricle come largely from model studies. Although some stress analyses of the passive (diastolic) left ventricle have shown large stress concentrations near the endocardium when the ventricle is passively Scatterplots show average transmural distributions ofsix systolic strain components computed with the finite element fitting method for the five animals used in the hypertrophy study. Each end systole used its own end diastole as reference. Strain components were averaged at the seven transmural locations shown as symbols. Control (open circles) and hypertrophic (closed circles) strain components are plotted versus percent wall thickness from epicardium. The trends in the control ventricles are similar to those previously reported. 20 The average systolic strains tend to increase when the ventricle hypertrophies, consistent with the increase in systolic function known to exist in this volume overload model. E1, circumferential; E22, longitudinal; E33, radial; E12, in-plane shear; ED3 and E23, transverse shears.
inflated,16 this is not the case for models that include material anisotropy and the transmural variation in fiber orientation, which tend to show reduced gradients of fiber stress and fiber shortening. The reduction in transmural gradients of fiber stress is due in part to the torsion of the left ventricle along the base-to-apex axis. 30 Recently, it has been shown that residual stresses exist in the potassium-arrested left ventricle.31 This prestress can also reduce the enddiastolic transmural stress and strain gradients, leading to a more uniform stress distribution at end diastole. A recent analysis of passive material properties of the left ventricle19 has shown end-diastolic stress distributions to be relatively flat when realistic properties such as torsion, fiber angle, and residual stress were included in the model. Thus, uniform transmural fiber stress may exist at end diastole, may also be relatively uniform with increased volume loading, and therefore may provide the stimulus for the transmural growth patterns found in this study.
Several studies have shown that the chronically dilated ventricle shows normal or enhanced hemodynamic performance. This augmentation is not brought about by the same mechanism that increases the output capability of the heart during acute inflation (Starling mechanism) but rather by normal operation of a larger ventricle.32 Indexes of systolic function such as active isovolumic tension, Vma,xy and velocity tension curves were normal in the AVF model,22 whereas ejection fraction,22 percent segment shortening, and mean shortening rates33 at the same EDP were increased with volume-overload hypertrophy. Enhanced regional segment shortening was also seen. 34 Our findings show that in the control state, end-systolic strain variations (Figure 9 ) are similar to those reported by Waldman et al. 20 The values for longitudinal strain are larger than those reported by Waldman and coworkers. Differences may be due to open-chest versus closed-chest preparations, the acute or chronic nature of the bead set, or the location of the columns. A repeated-measures analysis of variance did not show any significant differences in strain between the control and hypertrophic states found in this study, although most of the average strain magnitudes did tend to increase. Small increases in systolic in-plane strain are consistent with the increases in percent shortening and the overall unaltered or increased systolic function known to exist in this model. Increases in the magnitudes of the circumferential and longitudinal components of systolic strain would be expected if the ejection fraction increased in a spherical approximation of the left ventricle using known geometric data. In general, the magnitudes of systolic endocardial strain exceed epicardial strain, and this type of gradient is not seen in the growth strains. This implies that end-systolic strain in an unlikely stimulus for volume-overload hypertrophy. Hypertrophy of cardiac myocytes may also be due to a direct effect of neurotransmitter release or plasma hormone concentration. 3, 4 The transmural variations of these effects are not known. Whatever the stimulus for hypertrophy, whether mechanical, neural, endocrine, or a combination of these, our results imply that the stimulus in volume-overload hypertrophy is uniform across the wall of the left ventricle.
The mathematical description of growth strain has been given as a time-dependent displacement field.35 In this approach, cellular proliferation throughout the tissue results in a spatial increase of mass (volumetric growth) as opposed to surface growth in which as new tissue is added onto the external surfaces. Both types of growth can be described mathematically on a continuum scale, including growth that is anisotropic at a point. The remodeling of bone is an example of a biological material for which surfacetype growth has been well documented. 36 The growth of a tissue may generate internal stresses. If these internal stresses are not relieved by stress relaxation, additional growth, or other means, they may in turn produce additional strain in the tissue. It is possible that part of the growth strain measured in this study, such as the large cross-fiber strain, is due to this internally induced strain, but there is no way of separating these components of the measured growth strain.
Both single beat (systolic) or chronic end-diastolic growth strains may be influenced by scarring around the implanted beads. Surface scar tissue was especially prominent over the three surface beads without the use of topical steroids. The use of pure gold as a biocompatible implant material, along with local application of anti-inflammatory steroids, substantially reduced scarring in pilot studies. Histological examination of the tissue around the beads using trichrome stain revealed small regions of collagenous scar between and around the transmural beads. For the five dogs used in this study, the average width of the collagenous scar between the beads was 0.29+0.18 mm, and around the beads was 0.10+0.04 mm. Epicardial scar directly over the bead set was 0.33±0.07 mm thick compared with 0.62 mm in a separate dog without Kenalog. The sham dog showed similar widths of scar formation around the beads. In posterior wall samples with only endocardial and epicardial beads, similar size scar formation was found along the needle insertion hole. Our conclusion is that scar formation occurred along the needle tract whether or not beads were present, and the application of steroids significantly alleviated scar formation on the epicardial surface. Since the scar tissue was found only along the transmural needle track and not between the columns, in-plane components of deformation should not be affected by this collagen growth. Evidence that transmural distributions of strain were not affected by the additional collagen is found in the control systolic strain measurements, which were similar to those previously reported. 20 Other changes in the tissue may influence the volume and strain measurements made in this study, such as tissue edema. Previous studies involving chronically implanted radiopaque beads have shown no evidence of extensive tissue injury. 26 To test for tissue edema, myocardial wet weight-to-dry weight ratios were found from three hypertrophic animals. Samples were taken from the left and right ventricles at different transmural locations, weighed after the dogs were killed, and then again after 48 hours of drying. The wet to dry weight ratios indicated no detectable myocardial edema in any of the animals at any of the sample locations. Other possible sources for variations in growth strain are the animal-toanimal differences in heart weight and body weight, the size of the shunt, the individual response to the volume overload, and the previous health history of the dogs, which may have determined their ability to adapt to the overload.
Strain and volume calculations are subject to several sources of measurement and analysis errors. The spatial resolution of identifying the marker centroids on the digitizing pad is 0.2-0.3 mm. In a closed-chest preparation, interference from the spine occasionally reduces the cineradiographic image quality. When one leg of a tetrahedron is short (<0.5 mm), resolution errors will introduce scatter into the volume calculation. Although the errors in volume calculations from single tetrahedra may be up to 20%,37 we have averaged up to 30 tetrahedra of varying size and orientation in each one-third section of the wall. Inhomogeneity within a single tetrahedron may also account for some of the transmural scatter. By averaging many tetrahedra, we reduce the possible biasing errors when tetrahedra are chosen with their vertices either closer to the epicardium or the endocardium. Volume changes calculated from the nonhomogeneous method corresponded well to those found with the tetrahedral method, indicating that inhomogeneities within a single tetrahedron are probably small. The finite element method for calculation of nonhomogeneous strain distributions assumes a quadratic variation of displacements in the transmural direction, which implies that the strain tensor will contain terms up to second order. Our results indicate that typical strain variations in the transmural direction may be fit with a quadratic polynomial. Using higher-order fits will begin to fit the inherent noise associated with digitizing of implanted markers.
Conclusions
Myocardial growth strains were determined in dogs with volume-overload hypertrophy caused by a systemic arteriovenous fistula. Local myocardial tissue volumes increased uniformly across the left ventricular wall with the average local increase in volume approximately equal to the overall gain in heart weight. Transmural growth strains were determined by fitting the columns of implanted markers to a single finite element, and deformation of this element showed the end-diastolic circumferential and longitudinal components of strain to be positive and approximately equal. Overall wall thickness did not change, and radial growth strains were usually sm-all. The results show that myocardial tissue growth during volume overload occurs in both the fiber and cross-fiber directions. If extrapolated to the level of the cell, these results imply that fiber elongation alone cannot account for this growth strain. Moreover, the lack of transmural gradients suggests that the stimulus to growth in volume-overload hypertrophy is uniform across the wall. This would indicate that factors such as systolic strain may not play significant roles, and that end-diastolic stress and perhaps hormonal factors play an important role.
